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Uranium nitride-silicide composites are being considered as a high-density and high thermal conductivity 
fuel option for light water reactors. During development, chemical interactions were observed near the 
silicide melting point which resulted in formation of an unknown U-Si-N ternary phase. In the present 
work, U-Si-N composite samples were produced by arc-melting U3Si2 under an argon-nitrogen 
atmosphere to form the ternary phase. The resulting samples were characterized by SEM/EDS-EPMA and 
XRD, and demonstrated an equilibrium between U3Si2, UN, USi and a U-Si-N phase with a distinct 
crystallographic structure. Rietveld refinement of the ternary structure was performed, considering the 
ternary structures existent in the analogue U-Si-C system, and a good fit was obtained for the hexagonl 
U20Si16N3 phase. DFT+U calculations were performed in parallel to evaluate the thermodynamic and 
dynamic stability of the ternaries U20Si16N3 and U3Si2N2. The calculated enthalpy of formation and 
phonon dispersion support the existence of stable U20Si16N3 and U3Si2N2, although some soft modes in the 
U20Si16N3 phase phonons are observed. The results presented her  thus demonstrate the occurrence of at 


















The Fukushima-Daiichi accident highlighted that even r dundant safety systems in place 
for GEN-II reactors can simultaneously fail with serious consequences [1, 2]. Consequently, a 
drive to design fuel elements for light water reactors (LWRs), and especially the existing fleet of 
GEN II reactors, that have a more delayed and less damaging response to a major failure, such as 
a sustained loss of coolant or overpower-type accident, has gained a great deal of momentum. 
The result have been international efforts to develop more robust fuel-cladding systems. In the U. 
S. the Accident Tolerant Fuel (ATF) initiative aims to design a fuel element that can reduce 
oxidation kinetics, heat of oxidation in steam, and release of hydrogen [3]. Within these criteria 
new materials for cladding and fuel are being considered to replace the current Zr-UO2 system 
[4,5]. Among the fuel materials are UN, U3Si2 and the composite UN/U3Si2 [6]. These 
compounds are being considered mainly due to their combination of high fissile density, high 
thermal conductivity and intermediated melting point. I  particular, it is their increased uranium 
atom density over UO2 of the which is the key factor, allowing replacement of Zr-alloy cladding 
with less reactive materials (such as FeCrAl and Mo all ys) while minimizing overall neutronic 
penalty.  
Historical interest in UN for fuel applications is due to its good physical properties and 
acceptable behavior under irradiation [7], however, notable drawbacks include difficulty 
sintering as well as the cost penalty associated with the enrichment of 15N, which is necessary to 
prevent 14C generation by 14N neutron absorption. Significant susceptibility to air and steam 
oxidation has also prevented its application in LWRs [8, 9, 10]. Although U3Si2 has been used 
for many years as a fuel in research reactors, its configuration  in Al dispersed form and low 
temperature application, leads to a significant gapof knowledge for LWR application. [11]. Its 
high fissile density and thermal conductivity, and its moderate resistance to steam degradation 
(in comparison with UN compound) motivated its consideration as an ATF fuel. A concern is its 
lower melting point,1938 K, as compared with the 3130 K for UO2 and 3120 K for UN [12], 
although it is speculated that its higher thermal conductivity should reduce the operating 
centerline temperature, still yielding a larger margin to melt. However, persisting issues to be 













pressurized water reactions (above 400oC) [13, 14], and the lack of data concerning irradiation 
behavior under LWR conditions i.e., at high temperature and in monolithic/pellet form. 
A UN/U3Si2 composite fuel (10-40 vol.% U3Si2) has recently been recommended to deal 
with some of the aforementioned issues [15,16,17]. The central concept for this composite fuel is 
to combine the better U3Si2 pulverization resistance in an oxidation atmosphere, with the high 
fissile density of UN. To accomplish this goal the d sired microstructure consists of a matrix of 
UN grains covered by with U3Si2, has been proposed.  
Despite being of more recent interest, the initial concept for the UN/U3Si2  composite fuel 
was developed in the early 1960’s [16-18] , with the goal  to improve the sintering of UN. The 
composite fuel was proposed as an alternative  for required very high sintering temperatures of 
UN, where the UN/U3Si2 combination takes advantage of liquid-phase sintering fostered by the 
U3Si2, achieving suitable densities at T < 1600 °C. In this way the benefit of the composite is 
twofold, it is designed to be more resistance to pulverization,  and the fabrication process is made 
easier.  In the ATF initiative, the aim is  to protect UN from oxygen/steam reactions by 
establishing grain-scale coating of U3Si2 [15, 19], yielding a 17-40% higher uranium density 
compared  to UO2, and a high melting point.  
Initial reports of the so far limited efforts on UN/U3Si2 have shown that the addition of 
25-35vol.% U3Si2 has allowed production of compacts of 89-94% of theoretical density (TD) in 
conventional sintering at 1700 oC [15]This compares to the 1900-2000 oC required to achieve the 
same density for solely UN [9]. Despite these promising results, evidence of reaction between 
UN and U3Si2 was detected, suggesting the formation of an as-yet unidentified ternary U-Si-N 
phase [15, 16]. The composition of the ternary phase has been hard to assess due to the large 
error associated with energy-dispersive X-ray spectros opy (EDS) when heavy and light 
elements are simultaneously present, in this case, uranium and nitrogen. The uncertainty  
concerning the nature of the possible ternary phase makes its potential impact on fuel 
performance unclear, and thus prompts the investigation of a U-Si-N phase equilibria as it relates 
to the development of composite fuels for LWR’s. 
Modeling can also help to assess the composition of this ternary phase, and its stability. 
Although no density functional theory (DFT) studies of the U-N-Si exist, the work on nitride and 













establishing a reference U-value and of Claisse et al. [21] showing that metastable states are an 
issue are of interest, while on the silicide phase, th  work of Noordhoek et al. [22] giving a U-
valuer correction for U3Si2 can be used. Since it has been shown that the work done on U-Si-C 
could be used as a basis for U-Si-B and U-Si-Pt  [23], the DFT study on U3Si2C2 [24] is also 
worth mentioning. 
In this study we synthesized ternary phase material by arc-melting U3Si2 in an argon-
nitrogen atmosphere. This method has been successfully used in the past with uranium metal 
[25] and has the advantage of promoting fast diffusion of nitrogen in the liquid. The aim of this 
technique is to increase the amount of ternary phase formed, as compared with that seen in high 
temperature sintering of UN and U3Si2, making structural refinement possible. Additionally, 
atomistic simulations were, performed to quantify the hermodynamic stability of the proposed 




2.1 Synthesis and Characterization of U-Si-N 
 
The U3Si2 starting material has been prepared by arc-melting depleted uranium (dU) and 
silicon metal using a tri-arc furnace (5 TA Reed Tri A c, Centorr Vacuum Industries, USA) 
equipped with a non-consumable 2% thoriated tungste el ctrode and a water-cooled copper 
hearth under an atmosphere of high purity gettered argon. The surface of a depleted dU rod 
(99.9+% purity) was manually ground using a SiC grinding disc to remove the oxide layer and 
cleaned with acetone and methanol before being weighed. Chemical analysis on the uranium 
feedstock using Inductively Coupled Plasma–Mass Spectrometry (ICP-MS, MCL Inc.) revealed 
Co, Ni, and Cu impurities levels of 8.3, 2.6 and 2.7 ppm, respectively, with all other transition 
metal and rare earths impurities below detection limits. The mass of silicon metal (99.999% 
purity, Cerac, irregular shaped chunks, 3-6mm in size) was determined to achieve the targeted 
composition based on the mass of the uranium.  
Small ingots of U3Si2 were arc melted under a gettered Ar-N2 gas mixture of either 99% 













oxidizing nature of uranium silicides, exceptional c re was taken to ensure minimal oxygen 
contamination. All the arc melting processes were done inside an Ar atmosphere glovebox where 
the oxygen and water content were <0.1 ppm. The oxygen at the inlet and outlet of the arc 
melting furnace was measured to be less than 10-15 ppm before the start of each sample melt. For 
each of the samples, the ingot was melted five times, and turned over after each melt to ensure 
homogeneity. Additionally, molten titanium metal was maintained by use of an auxiliary 
electrode in a section of the arc-melter hearth to getter any residual oxygen. 
Scanning electron microscopy (SEM) and X-ray diffraction (XRD) analysis were used to 
investigate the microstructure and phases present for each of the as-melted samples. A sample of 
the U3Si2 feedstock was characterized before the nitriding process to follow any microstructural 
change with N2 composition. SEM samples were prepared by fracturing the ingots, potting 
samples in epoxy and grinding and polishing with SiC grinding discs with a 3-µm diamond 
suspension for the final polish. A Phenom ProX SEM equipped with a backscatter electron 
detector to obtain phase contrast images and energy dispersive spectrometer (EDS) was used for 
imaging and analyzing the samples. A Hitachi S-3400N with an OXFORD INCA wavelength 
dispersive electron probe microanalyser (EPMA) was also used for quantitative analysis of the 
phases compositions. Calibration was performed using S3N4 (99.9%) as reference for Si and N. 
Measurements were performed at an acceleration voltage of 10kV at 35 nA on the faraday cup 
and employing spectrometer crystals TAP for the Si±Kα and LSM60 for N±Kα radiation.  
XRD samples were prepared by grinding powders from ingot fragments using a mortar 
and pestle inside an Ar atmosphere glovebox. The powder was mounted on a Si crystal zero-
background plate using a thin layer of vacuum grease and then O-ring sealed inside a polymer 
dome while inside the glovebox to reduce the risk of oxidation. The polymer dome had a scatter 
shield to minimize the background-to-signal noise. The XRD pattern was collected on a Bruker 
XRD (D2 Phaser, Bruker AXS, Madison, WI, USA), from 15° to 90° 2θ with a 5s hold and a 
0.01° step size. Rietveld refinement was conducted using the MAUD software [26]. Structure 
models for the ternary phases in the analogous U-Si-C system were adopted: U20Si16C3 (space 
group P6/mmm) and U3Si2C2 (space group I4/mmm) [27] and their lattice parameters were used 















2.2. Computational Methods: Atomic scale simulation  
 
The Vienna Ab-initio Simulation Package (VASP) [28] was used to simulate the 
crystalline systems for UN, U2N3 (hexagonal), U3Si2, α-U and the candidate ternary phases 
U20Si16N3 and U3Si2N2. The electronic exchange and correlation energies were calculated within 
the generalized gradient approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE) formalism 
[29].  The valence electrons explicitly treated in the calculations were 6s26p66d25f27s2 for U; 
3s23p2 for Si; and 2s22p3 for N;  with a plane wave expansion cut-off energy of 520 eV.  An on-
site Coulombic correction (GGA+U) method was applied using Dudarev's implementation [30] 
to predict the experimentally observed phases accurtely: The Ueff values of 1.5eV for U3Si2 as 
used as in previous work [22] and 1.85 eV for UN, again from previous work [20] enabling the 
correct magnetic structure of the system to be predict , and for U20Si16N3 and U3Si2C2 Ueff 
values of 0-2.9eV were systematically used to understand what effect the on-site Coulombic 
correction may have for on the relative stability as a value has not as yet been experimentally or 
theoretically verified. U2N3 was treated with the same parameters as UN.  
To permit the comparison of compounds simulated with differing on-site Coulombic 
corrections, the single point energy of isolated uranium atoms with the various corrections were 
calculated and the difference in energy was used to correct the free energy of the various systems 
[31,32]. Single unit cell calculations were deemed suitable for all the calculations. The 
calculations were performed using an energy (electronic) and force convergence criterion of 10-5 
eV and 0.02 eV/Å, respectively. A γ-centered Monkhorst-pack k-point grid was used for each 
system (8x8x8 for UN, 6x6x8 for U3Si2, 6x6x4 for U3Si2N2 and 4x4x4 for the U20Si16C3 and 
U2N3 unit cells)and Gaussian smearing of 0.2 eV was used for the calculations. During the 
relaxation, the volume, shape and symmetry of the cells were allowed to relax. The final 
structural symmetry reported was obtained from the FINDSYM [33] algorithm, using a tolerance 
of 0.05 Å. For the ternary structures, phonon analysis was performed using the code Phonopy 
[34] with the density functional perturbation theory (DFPT) formalism [35] enforcing their 
respective space group symmetry. Before running the phonon calculations, the primitive unit 














As noted above, the carbide and nitride systems of uranium are similar in many respects 
[36,37], and thus the ternary structures reported for the U-Si-C system were used to build the 
initial cells for the electronic calculations. The U20Si16C3 structure has the P6/mmm symmetry: 
Uranium atoms occupy 1a (0.0, 0.0, 0.0), 1b (0.0, 0. , .5), 6l (0.2152, 0.4304, 0.0), 6m (0.2126, 
0.4252, 0.5) and 6i (0.5, 0.0, 0.2862) sites, silicon occupies the 4h (0.333, 0.666, 0.252) and 12n 
(0.229, 0.0, 0.246) sites and N occupies the 3f (0.5, 0, 0.0) site . The U3Si2C2 structure has 
I4/mmm symmetry: Uranium atoms occupy the 2a (0.0, 0.0, 0. ) and 4e (0.0, 0.0, 0.266) sites, 
silicon occupies the 4e (0.0, 0.0, 0.408) site and nitrogen occupies the 4e (0.0, 0.0, 0.3058) site. 











Figure 1: Structure of U20Si16N3 and U3Si2N2 modeled in this work. Uranium atoms (cyan), silicon (yellow), 
nitrogen (blue).  
 
3. Results and Discussion 
 
3.1. Tertiary U-Si-N phase formation 
 
Figure 2 shows the microstructures of the initial U3Si2 material and that after re-arc melting 




































Figure 2: SEM images of (a) initial U3Si2 ingot and after nitriding under (b) 1% N2 and (c) 10% N2.  
 
Both argon-nitrogen atmospheres resulted in a multi-phase material. The increase in the 
nitrogen concentration significantly changes the phase morphology. The sample arc-melted in 
1% N2 atmosphere resulted in a material composed of uranim-rich primary precipitates 
dispersed in a continuous matrix depleted of uranium as is apparent from phase contrast. The 
sample arc-melted in 10% N2 shows a more complex microstructure, where three distinct phases 
can be observed. The large primary (uranium-rich) preci itates are observed surrounded by a 
layer of a phase with intermediate backscattering contrast. These phases are dispersed in a matrix 
depleted of uranium.  
Figure 3 shows an EDS map for the sample arc-melted under 10%   N2. The primary 
phase is composed only of uranium and nitrogen. Its occurrence as the primary precipitate with a 
high melting point, and high uranium density is suggestive of a UN phase. The layer surrounding 
the UN precipitates contains U, Si and N (the latter a  a small concentration), and thus associated 
with a ternary phase. Considering the observed microstructure, a mechanism of formation 
through a peritectic reaction [UN + silicide liquid → U-Si-N ternary] can be proposed. The 
matrix is composed only of U and Si, and its dark contrast, in comparison with the matrix 
100 µm 













observed for the sample arc-melted in 1 % N2, suggests the formation of a more silicon-rich 

































Figure 3: SEM-EDS map of sample nitrided under a 10%   N2 atmosphere. 
 
The EPMA analysis reveals that there are two different ternary compositional areas. One rich in 
nitrogen with an average composition of U 51.3 at.% (±0.8), Si 39.3 at.% (±0.7), and N 9.4 at.% 
(±1.1), and a nitrogen depleted area with average composition of U 55.3 at.% (±0.7), Si 39.5 













at.% (±0.6), and N 5.2 at.% (±1.0). The first posses es a composition close to the U20Si16N3 
phase. The second has a composition close to U3Si2 and may represent this phase with significant 
solubility for nitrogen. The dark matrix shows an average composition of U 49.2 at.% (±0.6), Si 
48.9 at.% (±0.5) and N 1.8 at.% (±0.9), and thus posibly USi with little solubility for nitrogen in 
the phase. No composition close to U3Si2N2 was observed.  
Structural analysis of each type of sample was performed by XRD and the results are 
shown in Fig. 4. The initial material is confirmed to be composed of single-phase U3Si2 within 
the sensitivity of XRD, with good agreement with the powder diffraction file PDF 00-047-1070 
[38]. The sample arc-melted in 1 % N2 shows the presence of three distinct crystal structu es; 
U3Si2 with a distorted cell (peaks shifted in comparison PDF-00-047-1070), UN (PDF 00-032-
1997) [39] and the USi (PDF 01-075-1961) [40]. The sample arc-melted in 10%   N2 shows 
similar results with presence of distorted U3Si2, UN and USi phases, and three additional peaks 
at 26.085°, 29.638°, and 39.883° that could not be ind xed. These extra peaks correspond to 
































































Figure 4: XRD patterns for U3Si2 ingots that were nitrided under 99% Ar - 1% N2 and (b) 90% Ar – 10% 
N2 indexed using PDF's of U3Si2 [38], USi [40] and UN [39]. * indicates peaks that did not match well with database 
values and likely correspond to an unknown U-Si-N phase.  
  
 
Rietveld refinement was performed on patterns for all samples and the obtained lattice 
parameters are reported in Table 1. Both 1 % N2 and 10%   N2 nitrided samples exhibit a 
distorted U3Si2 structure with an expansion of the a and b lattices of ~1%. As noted above, this 
may reflect the incorporation of nitrogen in the U3Si2 structure revealing some solubility, similar 
to the behavior reported in the U-Si-C system [27]. An slight expansion is also observed for UN 
which may indicate some presence so nitrogen defects or silicon incorporation.  






































For the sample arc-melted in 10%   N2 the experimental pattern could be well reproduced 
with a U20Si16N3 structure, derived from the structure of the analogous U20Si16C3 phase. The 
refined XRD pattern is shown in Fig. 5 over the 15-60o range. The consideration of U20Si16N3 
not only allows indexing of the three extra peaks, but accounts for observed overlapping and low 
intensity peaks (arrows in Fig. 5). The obtained lattice parameters for U20Si16N3 are larger than 
those for the analogous U-Si-C phase which were used a  initial values, reflecting the larger 
atomic radius of nitrogen as compared to carbon. In agreement with the microstructure analysis, 
no evidence of the structure U3Si2N2 was observed in the XRD patters.  
  
Table 1: Crystallographic values of samples nitrided in 1%N2 and 10%   N2 compared to the starting material U3Si2. 
The values were obtained by Rietveld refinement using the MAUD [26] software.   
 





        0.0343 
U3Si2 U3Si2 P4/mbm a=7.239 c = 3.905 
1 % N2 U3Si2 P4/mbm a=7.309 c=3.942 0.0541 
 USi  Pnma a=5.662 b=7.663 
c=3.900 
 UN  Fm-3m a=4.892 
10%   N2 U3Si2  P4/mbm a=7.307 c=3.941 0.0703 
 USi  Pnma a=5.656 b=7.665 
c=3.899 
 UN  Fm-3m a=4.891 













































Figure 5: Rietveld refinement of a sample arc-melted 10%   N2 assuming a structure for U20Si16N3. Arrows point out 
reflections that are associated with the ternary U20Si16N3 structure. 
 
 
The experimental results obtained in this work demonstrate the existence of a U20Si16N3 
ternary phase in the U-Si-N system. This ternary was found to coexist with U3Si2, UN and USi, 
validating the assumption of the similarity between the U-Si-N and U-Si-C systems. Even though 
there is no experimental evidences of the ternary phase U3Si2N2, its stability should not be 
disregard, once its formation may be  favored once the system has fully equilibrated. Therefore, 
it is worthwhile  evaluating its stability by thermodynamic modeling methods, in order to assess 
the broader equilibria phase space in the U-Si-N system.   




















3.1. Computed thermodynamic stability of U20Si16N3 and U3Si2N2 phases 
 
The lattice parameters obtained from structural optimization of U20Si16N3 and U3Si2N2 
using varied Ueff values are shown in Fig. 6. For the U20Si16N3 phase, all Ueff values from 0.3 eV 
to 1.9 eV produced a unit cell that had P6/mmm symmetry – the same symmetry used to refine 
the experimental XRD pattern. Lower Ueff values caused the unit cell to relax to a P6/m structure 
whilst higher Ueff values yielded a P-3m1 or P1 structure, disagreeing with our observations. The 
lattice parameters varied with the on-site Coulombic correction, increasing monotonically with 
the increment in the value of Ueff at values >0.9eV. The  lattice parameter valuers in Fig. 6 for a 
and b close to Ueff=1.1 eV agree with our experimental observations, with the value for c being 
overestimated by approximately 2.6%. This result strongly supports the experimentally 
determined ternary structure.  
The U3Si2N2 structure does not preserve symmetry after relaxation for all Ueff values 
above 0.3 eV. The lattice constants for a and c were found to vary significantly with Ueff values 
up to 2.3 eV, above which a more consistent behavior was seen. This indicates that the electron 
correlation effect in this phase requires a larger Hubbard term, similar to that for U3Si2C2 [24] 
due to the more complex electronic configuration resulting from the larger number of silicon and 








Figure 6: Lattice constants of U20Si16N3 and U3Si2N2 after structural optimization with varying on-site Coulombic 
corrections (Ueff). For U20Si16N3 the computed structures s (with 0.05 Å tolerance) ar  also reported. 
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Two reactions were considered to investigate the relativ  stability of the proposed ternary 
phases; the reaction of U3Si2 with UN (equation 1 and 3), and that of U3Si2 with U2N3 (equation 
2 and 4):  
 
8 + 3		 → 		 + 7   (1) 
8 +	 	→ 		 + 6   (2) 
 
 + 2		 → 		 + 2   (3) 
 + 2 3 	 	→ 		 +
4
3   (4) 
 
The relations allow only a narrow phase space to be evaluated compared to the full phase 
diagram. However, the determination of local minima is considered enough for the purpose of 
the present work.  
 
The reaction enthalpies for all on-site Coulombic corrections (0-2.9 eV) for the formation 











Figure 7: Reaction enthalpy (a) producing U20Si16N3 from U3Si2 and UN (reaction given in equation Eq. 1) and 
U2N3 (Eq. 2) and (b) producing U3Si2N2 from U3Si2 and UN (Eq. 3) and U2N3 (Eq. 4). 
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The U20Si16N3 phase reactions (Eq. 1 and 2) are predicted to proceed exothermically for 
Ueff values below 0.3 eV and higher than 1.1 eV. Considering that the best agreement with the 
experimental crystal structure was observed around Ueff=1.1 eV, the U20Si16N3 phase can be 
considered stable at this Ueff value. This result may suggest that this ternary phase can exist at 
lower temperatures in equilibrium with the sesquinitride  meaning its formation at low 
temperature may be retarded by diffusion of species w thin the structure.  
The reaction energies obtained for the U3Si2N2 phase are less favorable compared to the 
U20Si16N3. Unlike the U20Si16N3 phase, the reactions provide positive formation enthalpies (i.e., 
they are not predicted to proceed exothermically) for Ueff values up to 2.1 eV and 2.5 eV with 
U2N3 and UN, respectively.  Although there are no experim ntal lattice parameters which fit Ueff 
values, and that a higher correlation factor of Ueff=4.0 eV is required for U3Si2C2 [24], while less 
likely, the existence of a U3Si2N2 ternary phase cannot be ruled out. 
To further ascertain dynamical stabilities, the phonon density of states of the ternary 





















































Figure 8: Phonon dispersion and partial phonon density of state  (PDOS) for (a) U20Si16N3 (P6/mmm) and (b)  
U3Si2N2 (I4/mmm) using GGA+U with Ueff=1.1eV. The PDOS of U, Si, N and the total DOS are shown in blue, 















As shown in Fig.8b, the absence of imaginary phonon frequencies in the U3Si2N2 phonon 
dispersion indicates that the considered structure is dynamically stable  at 0 K. However, 
imaginary phonon frequencies were obtained for the U20Si16N3, associated exclusively with the 
uranium atoms (see partial DOS in Fig. 8a), suggesting a dynamical instability of this phase t 0 
K, which does not exclude the possibility of this phase being stable at higher temperatures. 
Analyzing the on-site force constants eigenvalues, Φ(0 0), showed that the uranium atoms have a 
single minimum (all eigenvalues are positive), meaning the U20Si16N3 phase can be stabilized by 
anharmonic and thermal fluctuations at temperatures higher than 0 K. To further analyze the 
displacement caused by the negative frequencies, we gen rated structures with displacements 
along each of the negative phonon modes, and the resulting structures are shown in Fig. 9, where 
the displacements are made apparent using translucet spheres. It is apparent that the 
displacements are symmetric with respect to the equilibri m uranium positions, resembling 
thermal fluctuations and do not create  any net shear that would otherwise destabilize the 
structure. These types of distortions are difficult to detect in XRD as positions are indicated by 
the average electron density. Thus, there is confide ce in the stability of the U20Si16N3 phase at T 
> 0 K, but the uranium atoms may not be located in the exact positions described by the P6/mmm 
space group, meaning  the experimentally observation is a result of the average uranium atom 
positions. It is also important to mention that entropic contributions can overcome the impact of 
the negative frequencies,  reducing their influence at T > 0 K. It is worth noting that 
incorporating nitrogen atoms at the interstitial site of the analogous U5Si4 phase stabilizes the 
negative phonon frequencies otherwise seen in the phonon dispersion of the U5Si4 [41]. We 
should also point out that there is a possibility of the relaxed structure being in a meta-stable 
state, a known issue with DFT+U method when occupational matrix is not a priory specified 
[42], which might cause the dynamical instability. While the results for 0 K indicate a more 
stable structure for U20Si16N3 should exist at that temperature, determining thatstructure is 
computationally prohibitive mainly because of the exp nsive phonon calculations required to 






























Figure 9: Symmetric U20Si16N (P6/mmm) structures overlapping illustrating the displacement caused by imaginary 








Ternary phase-containing samples in the U-Si-N system were fabricated by arc-melting U3Si2 in 
an argon-nitrogen atmosphere. A mixture of Ar-10% N2 was sufficient for ternary phase 
formation that possessed a distinct crystallographic lattice. Rietveld refinement allowed the 
phase to be identified as U20Si16N3 with the space group P6/mmm, demonstrating its similarity to 













further investigate the stability of the nitride analogues to the ternary phases in the U-Si-C 
system, U20Si16N3 and U3Si2N2. U20Si16N3 was found to be energetically favored in formation 
from U3Si2 reacting with UN or U2N3 for value Ueff values of ~1.1 eV. This value also produced 
lattice parameters very close to those observed experimentally. The U3Si2N2 phase is computed 
to be energetically stable for high Ueff values (2.1eV-2.5eV), and was found to be dynamically 
stable at 0 K. Although U20Si16N3 exhibits some computed imaginary phonon frequencies for the 
uranium atoms, it was demonstrated that  these phonons only generate small distortions in the 
unit cell, resembling thermal fluctuations.  Thus there is confidence in the stability  of the 
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